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ABSTRACT: This study suggests the equimolar mixture of Natural Gas (100% CH,) and Synthesis Gas (40% H, + 40% CO + 20% CO,)
as an alternative to reduce hydrocarbons consumption and reduce pollutant emissions. As a key parameter to characterize this combustible
mixture, the laminar burning velocity was studied based on numerical simulations and experimental measurements in flames generated
using a contoured slot-type nozzle burner and the Schlieren technique, varying the air-fuel ratio at standard temperature and pressure. It was
found that the flame speed of the equimolar mixture increases with respect to that of pure methane. This behavior can be explained by the
presence of hydrogen in the fuel mixture, which has a direct effect on the combustion kinetics, generating H and OH radicals that increase
the global reaction rate of the mixture and consequently the burning velocity.
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RESUMEN: En este estudio se propone la mezcla equimolar de gas natural (100%CH,) y gas de sintesis (40%H, +40%CO +20%CO,) como
alternativa para reducir el consumo de hidrocarburos y reducir las emisiones contaminantes. Como parametro principal para caracterizar
esta mezcla combustible, se estudid la velocidad de deflagracion laminar a partir de simulaciones de cinética detallada y mediciones
experimentales en 1lamas generadas usando un quemador de perfil contorneado e imagenes Schlieren obtenidas a condiciones normales de
presion y temperatura, variando la relacion aire-combustible. Se encontré que la velocidad de deflagracion de la mezcla equimolar aumenta
con respecto a la del metano puro y puede ser explicado a través de la presencia de hidrogeno en la mezcla combustible, que tiene un efecto
directo en la cinética de la combustion, generando radicales H y OH que aumentan las tasas de reactividad de la mezcla y consecuentemente
la velocidad de quemado del combustible.

PALABRAS CLAVE: Velocidad de deflagracion laminar, Quemador atmosférico, Gas Natural, Gas de Sintesis.

1. INTRODUCTION the country can be self-sufficient until 2019 [2]. This
trend, coupled with the global concern of pollution
effects due to the use of fossil fuels, promotes the

combined use of these fuels with others of renewable

Currently, the proved reserves of world’s natural gas
are considerable and represent 25% of global primary

energy consumption [1], but its non-renewable nature
is motivating the search for better usage methods, from
the design of more efficient equipment to the mixing of
this hydrocarbon with renewable or alternative fuels,
in order to improve its combustion properties or to use
the resources at a lower rate.

In Colombia, natural gas demand is expected to increase
at an annual rate of 4.0% for the period 2011-2020, but

nature. In this paper, the feasibility of using mixtures of
methane (natural gas) and hydrogen/carbon monoxide
(synthesis gas) is studied. Synthesis gas or “syngas”
is produced from gasification of solid fuels such as
coal, biomass, organic waste and refinery waste. In
Colombia, syngas is expected to play an important role
in the diversification of the energy supply, since coal
reserves are the largest in Latin America, not to mention
the considerable amount of biomass for gasification.
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Synthesis gas is mainly composed of hydrogen (H,) and
carbon monoxide (CO) in addition to carbon dioxide
(CO,), nitrogen (N,), water vapor (H,0), methane
(CH,) and other hydrocarbons [3]; the amount of each
of these compounds in the mixture varies depending
on the gasification method and the raw material
used [4]. The importance of this gas lies in the wide
availability of suitable raw materials for its production,
in addition to the low pollution levels resulting from
its combustion. But the biggest concern related to its
use, is the variation in composition [5]. Natural gas,
meanwhile, is composed basically of methane (CH,)
and small amounts of ethane (C,H,), propane (C,H,),
butane (C,H, ), among others [6].

The characteristics of the combustion of natural gas
and syngas have been widely studied as individual
components. For this reason, investigations should be
performed to predict the behavior of their combustion
as a mixture, in order to establish the combustion
properties that are to be used, for example, for
thermal equipment design. One of the most important
combustion properties is the laminar burning velocity
(S,),, defined as the speed with which the unburnt gases
move towards the flame front [7; 8]. This parameter,
characteristic of each fuel mixture, contains essential
information related to its reactivity and diffusivity; it
is also used for the analysis of combustion phenomena
such as the stability and structure of premixed flames,
flashback, blow off and extinction, turbulent burning
velocity and the validation of reaction mechanisms [5].

The idea of mixing fuels with others to improve their
combustion properties is not new: hydrogen [9; 10; 11;
8;12; 13; 14], propane [ 15] and carbon monoxide [16;
17], have been mixed with methane. The variation of
pressure and temperature of the unburnt gases [18; 19;
20] and the percentage of CO, CO,, N, in the mixture
[21; 22; 23; 24; 25; 26; 27] have been shown to have
strong influence on syngas burning velocity.

The combustion properties of syngas and methane have
been reported in few publications: in 1959, Scholte
and Vaags [16] reported the laminar burning velocity
for six different mixtures of H,/CO/CH,; Wierzba
[28] found S, values for three different mixtures by
varying the unburnt gases temperature up to 300°C;
Cong and Dagout [29] studied the oxidation of CH,/
CO/H, mixtures diluted in nitrogen in a jet-stirred

reactor; Manh [30] reported the instabilities of a
50H./50CO mixture while adding different percentages
of hydrocarbons, including methane; Alavandi [31]
studied five mixtures with equal amounts of H, and
CO (by volume) while the methane percentage varied
from 100% to 0% in a porous burner; it was found that
the addition of syngas to methane significantly reduces
the NOx and CO production; Saxena [32] reported
the influence of the amount of H, and CO on the
combustion of methane. None of the studies mentioned
above included the combustion of methane with a real
synthesis gas mixture, i.e., containing N, or CO, in its
composition. In practical cases, the presence of inerts
in the fuel should be taken into account.

The main objective of the this investigation is to
determine numerically and experimentally the laminar
burning velocity of the equimolar mixture of natural
gas (100% CH,) and synthesis gas (40% H, +40% CO
+20% CO,) at lean and rich equivalence.

Experiments were conducted with the burner stabilized
flame technique and values of S, were determined
with the angle method through Schlieren images of
the flame front.

2. EXPERIMENTAL METHODOLOGY
2.1. Experimental Setup

Figure 1 shows a schematic image of the experimental
setup. The flames were generated in a burner with a
contoured slot-type nozzle (21 mm x 7.2 mm). This
burner allows laminar flows to be maintained for all
the equivalence ratios studied and also helps to reduce
the effects of flame stretch and curvature on the axis
of the burner [27]. Additionally, a cooling circuit was
implemented inside the burner in order to keep the
unburnt gases at constant temperature.

To accurately reproduce the air-fuel mixtures, high
purity certified gases were used. The corresponding
flow rates for each of the components of the mixture
were measured in specially calibrated rotameters. A
uniform mixing of the gases was guaranteed before
they reached the burner inlet.



138 Cardona et al

-
~
>
| :

» 7 Cooling
- System

CCD
Camera

Adjustable
Slit

Contoured
= Slot Burner

Convex
Lens

Light
Source

Convex
Lens

Biconvex
Lens

Fuel
Air

Figure 1. Schematic diagram of the experimental setup

To obtain the Schlieren images, a high-intensity Xenon
lamp was used as a light source. A biconvex lens
(diameter 50.8 mm, 38.1 mm focus length) and a pin
hole were used to focus the light that was subsequently
sent out to the test zone using a planar-convex lens
(diameter 50.8 mm, focus length 250 mm). Finally,
another planar-convex lens was used to focus the
deflected and undeflected rays. An adjustable slit
blocked the deflected rays while the undeflected rays
were captured with a high resolution CCD Camera
(Basler scA1400-30 gm, 1392 x 1040 pixels, 30 fps).
The high-resolution images were obtained using a
Macro Camera lens (Sigma, diameter 72 mm, focus
length 150 mm, /2.8) and transmitted to a computer
to be monitored and eventually captured.

2.2. Determination of the Laminar Burning Velocity

To determine the laminar burning velocity the angle
method was used. The measurement is based on the
principle that the velocity at the nozzle exit of the
unburnt gases is equal to the velocity at which the flame
front propagates from the burnt to the unburnt zone at
an angle § as shown in Figure 2. The laminar burning
velocity is related to 8 according to (1):

s, =USin(§) (D

where U is the mean velocity of the unburnt gases at
the exit of the burner. Although in this method it is
only possible to determine average values of due to the
effect of the flame stretch and curvature and heat loss
to the walls of the burner, it has been demonstrated that
a well-designed contoured slot-type nozzle burner can
yield highly accurate laminar burning velocity values,
as demonstrated by Burbano et al. [27] and Pareja et
al. [33; 27; 34].

el

Flame front
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Figure 2. Burner stabilized flame technique (angle method)
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For each flame it is possible to determine two & angles,
corresponding to the inner and outer edges of the flame
front, which are obtained through the processing of high
resolution images. The processing consist in subtracting
from the flame image (Figure 3a) a background image
previously captured (Figure 3b), the contrast of the
resulting image was increased in order to detect the
flame fronts (Figure 3c). It was found that the difference
between these two angles is less than 1° and therefore,
the values reported here correspond to the inner flame
front angle.

2.3. Experimental Conditions

The experiments were performed in the city of Medellin
Colombia at 0.828 atm, 68% relative humidity and
295 £ 2 K. The equivalence ratios varied from lean (¢
= 0.8) to rich conditions (¢ = 1.4). Within this range,
it was possible to obtain well-defined and stable
flames. In order to avoid undesirable phenomena,
such as flashback and blow off, an adequate unburnt
gas velocity (U), must be chosen. This velocity is 2
to 4 times the calculated laminar burning velocity as
explained in the next section.

(c) (d)

Figure 3. a) Schlieren photography of the flame; b)
background image; c) flame fronts detection;
d) processed flame fronts.

The measured variables were the mean velocity of
the unburnt gases and the angle of the flame. For
each equivalence ratio, 50 images were captured and
processed in order to obtain reliable data. Figure 3d
shows the resulting image after processing all the
flame fronts. Errors in the measurement of the laminar
burning velocity for each equivalence ratio were
calculated from the propagation error of the mean
velocity measurements of the unburnt gases at the exit
of the burner and the flame angle.

The average estimated error of the mean velocity is
1.45 cm/s which was calculated from the measurement
errors of the burner nozzle area and the flow of fuel and
air. The error of the flame angle was calculated from the
statistical treatment of the 50 images captured for each
case, where standard deviations were less than 1.5°.

3. NUMERICAL METHODOLOGY

The numerical calculations were performed using the
one-dimensional premixed flame code PREMIX of the
CHEMKIN-PRO package. For comparative purposes,
simulations were carried out with two detailed kinetic
mechanisms, GRI-Mech 3.0 [35], with effectiveness
for the oxidation of methane verified in several studies
[11; 36; 37; 35] and USC-Mech I, developed for the
combustion of H,/CO/C -C, compounds [22] and
the result of updating the H,/CO combustion model
proposed by Mueller et al. [38]. The transport properties
were evaluated using the model of multicomponent
diffusion and due to the presence of hydrogen in the
studied mixture, thermal diffusion was also considered
(Soret effect). As has been reported, the accuracy of
the calculated S, depends on the spatial resolution of
the simulations [39; 33]; when using a low number of
grid points, an error of 5 to 10% can be expected. For
this reason, according to Dlugogorski et al. [40], the
GRAD and CURY values were set lower than 0.01 to
generate a grid of more than 1000 points. Thus S, values
converged and the flame temperature approached the
adiabatic flame temperature.

4. RESULTS AND DISCUSSION

The experimental variation of the laminar burning
velocity of the equimolar mixture of natural gas and
synthesis with equivalence ratio is shown in Figure
4, along with the results of the numerical simulations
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carried out using the detailed kinetic mechanisms
GRI-Mech 3.0 and USC-Mech II. The volumetric
composition of the mixture corresponds to 50% CH,,
20% H,, 20% CO and 10% CO.,,.

The laminar burning velocity values are higher than
those predicted by the mechanisms, however, with
lean conditions, experimental results agree relatively
well with the results obtained from GRI-Mech 3.0.
Under rich conditions and for the region where
maximum laminar burning velocities were attained,
both mechanisms failed to reproduce the experimental
values. Note that the USC-Mech II mechanism does
not fit any region of the experimental data and only
shows good agreement in the lean region compared to
the results of GRI-Mech 3.0.

The differences between numerical and experimental
results can be explained as the mechanisms have been
adjusted for the oxidation of methane and hydrogen/
carbon monoxide separately, and to the best of the
authors’ knowledge, the mixture of the two has never
been used to adjust any of the mechanisms used here.
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Figure 4. Laminar burning velocity of the equimolar
mixture of natural gas and synthesis gas at 0.828 atm and
295K

This behavior had already been registered by
Natarajan et al. [23], where the same mechanisms
were subjected to testing with different mixtures of
H,/CO with inert dilution at different rates. It was
evidenced that GRI-Mech 3.0 tends to fit better to the
experimental data.

The laminar burning velocity of the equimolar mixture
of natural gas and syngas is higher than the one of
natural gas (pure methane), as shown in Figure 5,
where the experimental data, along with the results
of simulation with Gri-Mech 3.0 are presented. This
behavior can be explained because of the effect of
H,/CO addition to the mixture. Halter [11], Cong
and Dagout [29] and Saxena [32] have shown that
the presence of hydrogen in the mixture results in
an increase in the burning velocity and this is not
due to changes in flame temperature, as the adiabatic
flame temperature only varies slightly with the
addition of hydrogen. For comparison purposes, the
results obtained by Burbano et al. [33] for the syngas
mixture (40% H, +40% CO + 20% CO,), a chemical
composition corresponding approximately to that
obtained by E-gas Conoco-Phillips coal gasification
technology [41], are also presented. These results
were obtained under the same experimental conditions
discussed in previous sections.

Glassman [42] reported a simple model of the laminar
flame speed to explain this behavior which is presented
in equation (2).

a RR
Sy « P (2)

where a is the thermal diffusivity, RR is the global
reaction rate and p is the density of the unburnt
gases. When adding syngas to methane the thermal
diffusivity is kept constant (a variation of 0.16%), the
overall reactivity of the mixture increases because of
the high hydrogen content and the reactant density
decreases by 1.22% due to its low molecular weight;
this behavior results in higher burning velocities.

The presence of CO and H, in the fuel mixture
promotes the reaction CO + OH=H+CO, producing H
radicals; consequently, the production of OH radicals
through H+ O, =OH + H increases. The net increase
in the concentration of OH and H in the presence of
CO and H, increases methane consumption rate, in
other words, the addition of H /CO to CH, increases
methane reactivity.
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Figure 5. Laminar burning velocity of natural gas (100% CH,), syngas (40% H, + 40% CO + 20% CO,) and the mixture
50% CH, + 50% syngas to 0.828 atm and 295 K. Lines: numerical results; Symbols: experimental data

With the increase of S, for the natural gas/syngas
mixture, the blow off tendency is expected to improve
when compared to a flame of pure methane. However,
further analysis of the inherent instabilities must be
carried out in order to understand the behavior of the
CH,/H,/CO flames.

5. CONCLUSIONS

Measurements of the laminar burning velocity of the
equimolar mixture of natural gas (100% CH,) and
synthesis gas (40% H, +40% CO +20% CO, ) were made
at 0.828 atm, room temperature and different equivalence
ratios, varying from ¢ = 0.8 to ¢ = 1.4. Numerical
calculations of the laminar burning velocity were also
performed using detailed reaction mechanisms and
were compared with experimental results. Numerical
calculations and experimental measurements for
natural gas and synthesis gas were also presented for
comparative purposes. From the analysis of the results,
the following conclusions can be stated:

The increase in the laminar burning velocity of the
equimolar mixture, compared to that of the pure
methane, can be explained by the addition of H,/CO
to the mixture. Several authors (Halter [11], Cong and
Dagout [29] and Saxena [32]) agree that the presence
of hydrogen in the fuel promotes the formation of OH

radicals through H /O, system. If the amount of H,
in the mixture increases, the concentrations of H and
OH grows, increasing the reactivity of the mixture and
therefore, the laminar burning velocity. In this case,
the maximum value of the laminar burning velocity
experimentally determined for the equimolar mixture
(50.45 cm/s at ¢ = 1.2) was found to be higher than
that of pure methane (41.65 cm/s at ¢ = 1.1) but lower
to that of pure syngas (137.68 cm/s at ¢ = 1.8).

At stoichiometric and lean conditions, the numerical
results are very well adjusted to experimental data,
within 4% and 8% deviation for GRI-Mech 3.0 and
USC-Mech Il respectively. However, for the equimolar
mixture at rich conditions, the variations are 30% and
33% for GRI-Mech 3.0 and USC-Mech II. The data
suggest that the current mechanisms should be re-
examined for rich conditions in CH,/H,/CO mixtures.
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